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1 Introduction
A current focus of modern nuclear structure research is concerned with the of
evolution of shell structure in nuclei far from the valley of stability. Modifica-
tions of the well established shell structure at stability may be expected due
to modifications of the mean field itself, e.g. through changes of the spin-orbit
interaction, or through modifications resulting from the effects of the residual
interaction. The local modification of shell structure due to the effects of the
residual interaction among the valence nucleons has been the subject of many
theoretical and experimental studies in recent years (see e.g. [1] for a recent
review). It has been found that the monopole part of the tensor force may
play a special role in these modifications of shell structure [2–4]. However, the
role of the tensor force and the strength of the spin-orbit term may ultimately
turn out to be linked (see e.g. [5]).
Of particular recent interest is the region of neutron-rich Ca, Ti, and Cr nuclei
around N = 32, 34. Theoretical predictions based on modern shell model
calculations and using a new interaction (GXPF1,GXPF1A) for the fp-shell [6]
predict a new doubly magic shell closure for the N = 34 nucleus 54Ca. At the
same time shell model calculations using the KB3G interaction [7–10] and
results from beyond-mean-field theory using the D1S parametrization of the
Gogny force [11] support the N = 32 but not a N = 34 shell closure.
While the central nucleus in this region 54Ca cannot be reached experimen-
tally yet, a number of studies have been performed on neutron rich Z =
20 − 24 nuclei using β-decay [12–16], multi-nucleon transfer in deep inelastic
collisions [14,17–19], Coulomb excitation of radioactive ion beams [20,21], and
knockout reactions [22,23]. In particular, it has recently been possible to ob-
serve excited states in 55Ti via multi-nucleon transfer[19]. The obtained level
scheme compared favorably with shell model calculations using the GXPF1A
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interaction and tentative spin assignments were made on the basis these cal-
culations.
It is the purpose of this Letter to report on the results of a single-neutron
knockout experiment at relativistic energies using fragment beams of 56Ti and
50Ca. This is the first time that knockout experiments for medium-mass nuclei
have been performed at relativistic energies, at which the assumptions made
in the reaction theory describing the results are fulfilled particularly well. In
49Ca the νf−17/2 hole state has been observed for the first time at 3.35(15)MeV.
In 55Ti a new excited state was observed at 955 keV, which could be identified,
using longitudinal momentum distributions, as a 3/2− state based on the νp−13/2
neutron-hole configuration. It was also possible to show that the knockout to
the ground state of 55Ti is of L = 1 character, confirming the previous tentative
1/2− spin assignment[19] in agreement with shell model calculations based on
the GXPF1A interaction, which predict a dominant νp1/2 configuration in the
ground state wave function.
2 Experimental details
The experiment was performed at the fragment separator (FRS) of GSI Darm-
stadt which was used as a two-stage spectrometer, with each stage comprising
two 30◦ dipoles, scintillators and photomultipliers for time-of-flight (TOF) as
well as multiple sampling ionization chambers (MUSIC) for energy-loss mea-
surements. For the main experiment a 500AMeV 86Kr was fragmented in a
1625mg/cm2 9Be production target at the entrance of the FRS. The frag-
ments of interest were identified on an event-by-event basis and transported
to the intermediate focus (S2) of the FRS, where they impinged on a sec-
ondary reaction target (1720mg/cm2 9Be) for the knock-out reactions. The
reaction products of interest where identified event by event in the second half
of the FRS and transported to the final FRS focus (S4). A mass resolution of
∆A =?? and a charge resolution of ∆Z =?? was obtained.
Six time projection chambers (TPC), two each before and behind the sec-
ondary target at S2 and two at S4, provided the position and the angle of the
flight path of the incident primary fragments as well as the reaction residues
through the experimental setup, which enabled a precise measurement of the
parallel and longitudinal momentum distribution induced in the knock-out
reaction with a momentum resolution of ????. Some words about FRS
optical modes
Prompt gamma-rays emitted by the reaction products were detected by the
eight triple cluster detectors of the Miniball gamma-ray spectrometer [24],
which were arranged in a ring at an average distance of 26.4 cm between the
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front face of the detector and the center of the target and at an average angle
of 40◦ with respect to the beam axis. The absolute photopeak efficiency in
the laboratory frame was determined to be 2.8% at 344.3 keV and 1.6% at
1332 keV. Using the 6-fold segmentation of the Miniball HPGe crystals for
the Doppler correction of the gamma-rays emitted by the reaction products
at β ≈ 0.7 a resolution of ≈ 30 keV (FWHM) at a laboratory γ-energy of
≈ 580 keV was achieved.
A reference experiment was performed with a 48Ca primary beam of 450AMeV
impinging directly on the secondary target. The energy was chose such that it
corresponded to the energy of the primary fragments in the main experiment
with the 86Kr beam. The reaction 48Ca→47Ca was used for the calibration of
the set-up and analysis methods. Details of the analysis procedures and results
of the reference experiment will be discussed in a forthcoming publication.
3 Results and Discussion
In an 8.5 day experiment in which the FRS settings were centered on 56Ti and
55Ti fragments in the first and second half of the FRS, respectively, a total of
1.6 · 106 fully stripped 56Ti primary fragments were produced leading to the
identification of 1.3 · 104 residual nuclei of the 56Ti→55Ti knockout reaction.
In the same FRS setting also 1.4 · 106 50Ca residues reached the secondary
target at the S2 focus and 1.4 · 104 residual nuclei of the 50Ca→49Ca knock-
out reaction were identified at the S4 focus. However, the 49Ca nuclei are not
fully within the acceptance of the FRS, which leads to acceptance cuts in the
momentum distributions shown in fig. 1.
The top left panel of fig. 1 shows the gamma-ray spectrum in coincidence
with identified 49Ca residues after Doppler-correction. The broad structure
at ≈ 3.3MeV can be associated with a single gamma-ray with an energy of
3.35(15)MeV as can be seen by comparison to the GEANT4 simulations which
are also shown in the figure. The broad structure is due to the smearing out
of Compton-edge and single-/double-escape peaks by the Doppler-correction
procedure. The energy was obtained by finding the energy where the χ2 value
between the GEANT4 simulation and the measured spectrum is minimal. A
reduced χ2 value of 1.2 was obtained for the best energy of 3.35MeV. The
uncertainty in the energy was obtained by determining where the reduced χ2
value increased to 2.2.
The top right panel of fig. 1 shows the longitudinal momentum distribution
in coincidence with the 3.35(15)MeV gamma-transition. A coincidence win-
dow for gamma-rays from 2300 keV to 3500 keV was used and a momentum
distribution in coincidence with the continuous gamma-ray background in the
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Fig. 1. Top left: Doppler corrected gamma-ray spectrum for 49Ca. Bottom left: In-
clusive momentum distribution for 49Ca in comparison with SM predictions (solid
line) using the GXPF1A interaction. Contributions for the L=1 knock-out (dashed
dotted) as well as the L=3 knock-out (dashed) are shown. Top right: Exclusive
momentum distribution for the new 3.35(15) MeV state in 49Ca in comparison to
theoretical predictions for L = 1 (dashed dotted) and L = 3 (dashed) knock-out.
Bottom right: Momentum distribution representing the ground state of 49Ca, in
comparison to theoretical predictions for L = 1 (dashed dotted line) knock-out. The
distribution was obtained by subtracting a semi-exclusive momentum distribution
for all gamma-rays with Elabγ > 500 keV from the inclusive momentum distribu-
tion (see text for details). Theoretical curves were normalized to the integral of the
experimental momentum distributions.
energy range from 3500 keV to 4700 keV was subtracted.
The bottom panel of fig. 1 shows on the left the inclusive longitudinal momen-
tum distribution of all 49Ca residues and on the right the difference between
this inclusive distribution and the distribution in coincidence with all gamma-
rays with energies in the laboratory frame above 500 keV, under the condition
of an identified 49Ca residue at S4. At energies below 500 keV in the laboratory
frame a background from Bremsstrahlungs-photons is dominant, while above
500 keV only gamma-rays from excited states contribute. The normalization
for the subtraction is chosen such that no negative values occur in the resulting
semi-exclusive momentum distribution, which we associate with the ground
state in 49Ca (see discussion below).
Fig. 1 also shows theoretical momentum distributions which were calculated
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using ... and folded with the measured response function. The exclusive mo-
mentum distribution for the 3.35(15)MeV gamma-transition clearly corre-
sponds to an L = 3 knock-out, thus identifying the state at 3.35(15)MeV
the so far unobserved 7/2− state based on the f7/2 single-hole state.
The energy of 3.35 MeV corresponds to the energy of a known state at 3351(2)
MeV in 49Ca[27], with a (9/2+) assignment. This tentative assignment has
been confirmed in a recent 48Ca(
−→
d , p)49Ca experiment at the Munich Q3D[29].
In this transfer experiment no candidate for a 7
2
−
state in this energy range
was observed. However, on the basis of DWBA calculations using spectroscopic
factors from Oxbash [28] the 7/2− νf−17/2 hole state would be at 3.0 MeV and
has a predicted maximum differential cross-section of ≈ 0.2 mb and could for
example be covered by the 9/2+ state that was populated with a maximum
differential cross-section of 0.463(2) mb. Therefore, we conclude that the L = 3
state observed in this experiment cannot be associated with any known state
in 49Ca.
The inclusive momentum distribution with a total cross-section 97(18)mb is
best described by a sum of momentum distributions with L = 3 and L = 1
contributions of σ(L = 3) = 44(8) mb and σ(L = 1) = 53(9) mb, respectively.
The theoretical prediction, based on shell-model (SM) calculations using the
GXPF1 residual interaction, for the inclusive cross-section is σtheo = 117mb.
The semi-exclusive momentum distribution in the lower right of fig. 1 is well
described by a theoretical curve associated with L = 1 knock-out, as ex-
pected for the 3/2− ground state that is based on a neutron occupying the
νp3/2 single-particle orbital, providing confidence in the subtraction method.
However, with this method, which does not contain corrections for the energy
dependence of the gamma-efficiency and the 500 keV cut-off, it is impossible
to obtain a cross-section for the direct population of the ground state.
The top right panel of fig. 2 shows the gamma-ray spectrum in coincidence
with identified 55Ti residues after Doppler-correction. Only one statistically
significant gamma-ray transition is observed at 955 keV, which has been ob-
served for the first time and leads to a new state at 955 keV in 55Ti. The
bottom left panel of fig. 2 shows the inclusive longitudinal momentum distri-
bution of all 55Ti residues and on the top right the longitudinal momentum
distribution in coincidence with the 955 keV gamma-transition after subtract-
ing a momentum distribution coincident with the gamma-ray background. The
bottom right panel of fig. 2 shows the difference between the inclusive distri-
bution and the distribution in coincidence with all gamma-rays with energies
in the laboratory frame above 500 keV, under the condition of an identified
55Ti residue at S4.
The measured exclusive momentum distribution for the 955 keV transition
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Fig. 2. Top left: Doppler corrected gamma-ray spectrum for 55Ti. Bottom left: In-
clusive momentum distribution for 55Ti in comparison with SM predictions (solid
line) using the GXPF1A interaction. Contributions for the L=1 knock-out from
p1/2 (long dashed dotted) and p3/2 (dashed dotted) as well as the L=3 knock-out
from f5/2 (short dashed) and f7/2 (long dashed) single-particle orbitals are shown.
Top right: Exclusive momentum distribution for the new 955 keV state in 55Ti in
comparison to theoretical predictions for L = 1 (dashed dotted) and L = 3 (dashed)
knock-out. Bottom right: Momentum distribution representing the ground state of
55Ti, in comparison to theoretical predictions for L = 1 (dashed dotted) and L = 3
(dashed) knock-out. The distribution was obtained in the same way as described
for 49Ca.
shows L = 1 character, identifying this state, on the basis of comparison to
shell model calculations [19], as the 3/2− state based on the νp−13/2 single-hole
configuration. The observed cross-section for this state is σ955 = 22(5)mb,
which may include a significant feeding contributions from higher-lying states.
The theoretical prediction based on the GXPF1A interaction for the direct
population of this state via L = 1 knock-out is 18mb while a feeding of
9mb, mostly from higher lying 3
2
−
states is predicted. On the other hand the
state is predicted to be directly populated with a cross-section of 35mb if the
KB3G interaction is used with additional feeding contributions how much?.
Thus, the experimental cross-section is more consistent with the GXPF1A
predictions.
The experimental inclusive momentum distribution with a total cross-section
of 94(12)mb can be well described with a combination of L = 1 and L = 3
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contributions. The relative strength of the different components for the theo-
retical momentum distributions shown in the bottom left of fig. 2 result from
the shell model predictions using the GXPF1A interaction. The theoretical in-
clusive cross-section of σtheo = 78mb, with an additional 11mb near threshold,
is consistent with the measured value and the inclusive momentum distribution
is described well by the combination of the different contributions. However,
the inclusive cross-section and the shape of the momentum distribution can
also be well described using the KB3G interaction, which predicts an inclusive
cross-section of 74mb.
Therefore, it is interesting to look at the semi-exclusive momentum distribu-
tion at the bottom right of fig. 2, which is well described by a pure L = 1
knock-out. This is consistent with the GXPF1A prediction that the ground
state in 55Ti has quantum numbers Jpi = 1/2− based on the p1/2 single-
particle orbital. The KB3G prediction would lead to a 5/2− ground state and
one would expect that the semi-exclusive momentum distribution would be of
L = 3 nature. (To be confirmed by simulations!!)
Altogether the different cross-sections and momentum distributions clearly are
consistent with the predictions based on the GXFP1A interaction, and thus
confirm the tentative 1/2− spin assignment for the ground state of 55Ti of
Ref.[?].
In summary, we have performed a relativistic knockout experiment on 50Ca
and 56Ti using the GSI FRS as a two-stage magnetic spectrometer and the
Miniball array for gamma-ray detection. Inclusive and exclusive longitudi-
nal momentum distributions were measured, allowing the determination of the
orbital angular momentum of the populated states. We observed for the first
time the 3.35(15)MeV 7/2− νf7/2-hole state in 49Ca and the 955 keV 3/2−
νp3/2 hole state in
55Ti. The measured data clearly indicate that the ground
state of 55Ti is a 1/2− state, in agreement with shell model predictions us-
ing the GXPF1A interaction and consistent with the tentative assignment of
Ref. [19].
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